The microstructure and microtexture evolution of the as-cast Ti-6Al-4V alloy with an initial lamellar microstructure was investigated in the temperature range of 900-1050 • C and the low strain rate range of 10 −3 -10 −1 s −1 . In the ranges 900-950 • C and 10 −3 -10 −2 s −1 , globularization of the α lamellar structure took place; the initial α {0001} texture softened, and the {0001} texture rotated to the transverse direction. Additionally, the increasing strain rate led to more randomization. The globularization process was considered to be continuous dynamic recrystallization (CDRX). At strain rates higher than 10 −2 s −1 and temperatures between 900 and 950 • C, flow instabilities occurred. In the β range, dynamic recrystallization (DRX) occurred at a temperature of 1050 • C and a strain rate of 10 −3 s −1 .
Introduction
The Ti-6Al-4V is one of the most important and widely used α + β titanium alloys in the world [1] [2] [3] . Bulk metalworking of Ti-6Al-4V alloy is generally comprised of a series of mechanical processing steps that are used to transform the as-cast microstructure into an equiaxed α + β two-phase microstructure [4] . Previous studies [5, 6] have shown that thermomechanical processing (TMP) of the Ti-6Al-4V alloy above the β transus temperature results in a lamellar microstructure morphology that consists of α platelets and an inter-platelet β phase. When processed below the β transus, the conversion of transformed β microstructure to the equiaxed microstructure needs superior process control to avoid the generation of the microstructure defects like flow localization or wedge cracks [7, 8] . Expect for processing temperature, other thermomechanical parameters, such as strain rate and strain, also influence the microstructure [9] [10] [11] [12] . The response of the lamellar microstructure during hot deformation will be of great importance in projecting industrial thermomechanical processing schedules to get the desired microstructure without defect occurrence.
Besides the microstructure, the texture is more critical to the mechanical properties of the Ti-6Al-4V alloy [13] . In spite of the great importance of crystallographic textures, the information about the microtexture development of Ti-6Al-4V alloy deformed in low strain rate ranges is still limited.
The objective of this study is to determine the microstructure and microtexture evolution of the as-cast Ti-6Al-4V with a coarse lamellar structure in low strain rate ranges, and to systematically investigate the hot deformation behavior in both α + β and β phase fields. 
Materials and Methods

Materials
The ELI grade Ti-6Al-4V alloy used in this work is in cylinder form with a diameter of 355 mm produced by conventional ingot metallurgy. Its chemical composition is shown in Table 1 . The β transus temperature reported for this grade was about 975 • C [4] . Table 1 . Chemical composition of ELI grade Ti-6Al-4V alloy (wt. %). 
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Experimental Procedures
Cylindrical compression samples of 8 mm diameter and 12 mm height were machined from the as received cylinder. Hot compression tests were performed in the temperature range of 900-1050 • C at 50 • C intervals and constant true strain rates (10 −3 , 5 × 10 −3 , 10 −2 , 5 × 10 −2 , 10 −1 s −1 ) on a Gleeble-3800 simulator with a height reduction of 60% ( Figure 1 ). The temperature of the specimens was monitored by a chromel-alumel thermocouple welded on the middle of the surface of the specimens. Two tantalum foils with a thickness of 0.1 mm were put between the anvil and the specimen to minimize the friction. Prior to isothermal compression, specimens were heated to the designed temperature with a speed of 10 • C/s and held for 5 min to obtain a homogeneous heat distribution. After compression, each specimen was water quenched immediately. Hot deformed samples were axially sectioned parallel to the compression axis and the longitudinal sections were prepared in order to determine the microstructure evolution.
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The microstructures of the deformed samples were examined using optical microscopy (OM, Carl Zeiss Axio Observer. 5 m, Jena, Germany), scanning electron microscope (SEM, FEI Quanta 250, Houston, TX, USA), transmission electron microscopy (TEM, Hitachi H-800, Tokyo, Japan ), and electron backscatter diffraction (EBSD, Apollo 300, Cambridge, UK). The specimens were electrochemically polished with a solution of 60% carbinol, 34% n-butanol, and 6% perchloric acid using a voltage of 30 V and a current of 80 mA for the OM, SEM, and EBSD characterization. The TEM foils were twin-jet electrochemical polished in a solution of 60% carbinol, 4% perchloric acid, and 36% n-butanol. The EBSD characterizations were performed with an increment step of 0.2 μm. In order to remove the orientation noise and uncertainty caused by severe deformation, misorientation below 2° was not taken into account. Low angle grain boundaries (LAGBs) were defined as the grain boundaries with misorientation between 2° and 15° and shown in yellow. High angle grain boundaries (HAGBs) were defined as those with misorientation above 15° and shown in black. The microstructures of the deformed samples were examined using optical microscopy (OM, Carl Zeiss Axio Observer. 5 m, Jena, Germany), scanning electron microscope (SEM, FEI Quanta 250, Houston, TX, USA), transmission electron microscopy (TEM, Hitachi H-800, Tokyo, Japan ), and electron backscatter diffraction (EBSD, Apollo 300, Cambridge, UK). The specimens were electrochemically polished with a solution of 60% carbinol, 34% n-butanol, and 6% perchloric acid using a voltage of 30 V and a current of 80 mA for the OM, SEM, and EBSD characterization. The TEM foils were twin-jet electrochemical polished in a solution of 60% carbinol, 4% perchloric acid, and 36% n-butanol. The EBSD characterizations were performed with an increment step of 0.2 µm. In order to remove the orientation noise and uncertainty caused by severe deformation, misorientation below 2 • was not taken into account. Low angle grain boundaries (LAGBs) were defined as the grain boundaries with misorientation between 2 • and 15 • and shown in yellow. High angle grain boundaries (HAGBs) were defined as those with misorientation above 15 • and shown in black.
Results
The initial microstructure was lamellar and had Widmannstatten morphology (Figures 2 and 3) . It consisted of large prior β grains of about 6-7 mm separated by a grain boundary α layer of 5 µm thick. The α lamellar colonies formed inside the prior β grains, and α lamellae, which formed on the prior β grain boundaries, maintained a Burger's relationship with their parent β matrix [14] [15] [16] . The thickness of the α lamellae was about 3 µm, and a continuous β layer of approximately 1µm thick was distributed in between the grain boundary α and the Widmannstatten sides-plates. As shown in Figure 3c 
The initial microstructure was lamellar and had Widmannstatten morphology (Figures 2 and 3 ). It consisted of large prior β grains of about 6-7 mm separated by a grain boundary α layer of 5 μm thick. The α lamellar colonies formed inside the prior β grains, and α lamellae, which formed on the prior β grain boundaries, maintained a Burger's relationship with their parent β matrix [14] [15] [16] . The thickness of the α lamellae was about 3 μm, and a continuous β layer of approximately 1μm thick was distributed in between the grain boundary α and the Widmannstatten sides-plates. As shown in Figure 3c ,d), the texture of the scanned area consisted of two components. The stronger one can be expressed by Euler angles as (ϕ1 = 132°, Φ = 75°, ϕ2 =38°), which is represented by A in the pole figures. Additionally, the weaker one is represented by B and can be expressed by Euler angles as (ϕ1 = 38°, Φ = 75°, ϕ2 = 10°). The textures all rotated approximately 75° from ND toward TD (ND represents the normal direction). 
The initial microstructure was lamellar and had Widmannstatten morphology (Figures 2 and 3 ). It consisted of large prior β grains of about 6-7 mm separated by a grain boundary α layer of 5 μm thick. The α lamellar colonies formed inside the prior β grains, and α lamellae, which formed on the prior β grain boundaries, maintained a Burger's relationship with their parent β matrix [14] [15] [16] . The thickness of the α lamellae was about 3 μm, and a continuous β layer of approximately 1μm thick was distributed in between the grain boundary α and the Widmannstatten sides-plates. As shown in Figure 3c ,d), the texture of the scanned area consisted of two components. The stronger one can be expressed by Euler angles as (ϕ1 = 132°, Φ = 75°, ϕ2 =38°), which is represented by A in the pole figures. Additionally, the weaker one is represented by B and can be expressed by Euler angles as (ϕ1 = 38°, Φ = 75°, ϕ2 = 10°). The textures all rotated approximately 75° from ND toward TD (ND represents the normal direction). Figure 5a-d,f exhibits different microstructures at various positions of Ti-6Al-4V sample compressed at a temperature of 900 °C and a strain rate of 10 −2 s −1 . According to Figure 5 , three different deformation zones could be defined: "dead" zone at bottom and top areas near the contact surfaces, partial plastic deformation zone close to the both sides, and severe plastic deformation zone in the center. In this study, the microstructures of inner severe plastic deformation zone are determined.
Microstructure of the samples deformed in the α + β phase field are shown in Figures 6 and 7. The studied areas were all taken from the central part of the deformed samples due to the largest amount of deformation. From Figure 6 , it is noted that the lower temperature and lower strain rate domain (900-950 °C, 10 −3 -10 −2 s −1 ) represented spheroidization of lamellar structure.
Microstructural and microtexture evolution during the spheroidization process were further elucidated by EBSD and TEM. As shown in Figure 8 , the microtexture of the specimen deformed at the temperature of 900 °C and strain rate of 10 −3 s −1 consisted of two components: one was the {0001} transverse texture and the other was the {0001} texture rotated 75° from ND to TD.
When deformed at a temperature of 900 °C and strain rate of 10 −2 s −1 , the microtexture of the specimen consisted of three components: there was an additional 50° {0001} texture, except for the transverse texture and the 75° texture ( Figure 9 ).
TEM images exhibited the detailed information of the globularization of α lamellae (Figures 10  and 11 ). As shown in Figure 10a ,b, shearing of the α lamellae and splitting of α/α boundaries were observed, and formation of subgrains was observed inside the α phase (Figure 10c,d) .
The microstructure of the samples deformed in the β phase field are shown in Figure 12 ; the results indicated that DRX occurred when the deformation temperature was in the β phase field.
As given in Figure 11 , the penetration of the β phase along the α platelets was observed. Figure 5a-d,f exhibits different microstructures at various positions of Ti-6Al-4V sample compressed at a temperature of 900 • C and a strain rate of 10 −2 s −1 . According to Figure 5 , three different deformation zones could be defined: "dead" zone at bottom and top areas near the contact surfaces, partial plastic deformation zone close to the both sides, and severe plastic deformation zone in the center. In this study, the microstructures of inner severe plastic deformation zone are determined. Microstructural and microtexture evolution during the spheroidization process were further elucidated by EBSD and TEM. As shown in Figure 8 , the microtexture of the specimen deformed at the temperature of 900 • C and strain rate of 10 −3 s −1 consisted of two components: one was the {0001} transverse texture and the other was the {0001} texture rotated 75 • from ND to TD.
When deformed at a temperature of 900 • C and strain rate of 10 −2 s −1 , the microtexture of the specimen consisted of three components: there was an additional 50 • {0001} texture, except for the transverse texture and the 75 • texture (Figure 9 ). TEM images exhibited the detailed information of the globularization of α lamellae (Figures 10  and 11 ). As shown in Figure 10a ,b, shearing of the α lamellae and splitting of α/α boundaries were observed, and formation of subgrains was observed inside the α phase (Figure 10c,d) .
As given in Figure 11 , the penetration of the β phase along the α platelets was observed. 
Discussion
Globularization
In the ranges 900-950 °C and 10 −3 -10 −2 s −1 , the microstructures of deformed samples exhibited the transformation of the lamellar structure of α phase to equiaxed. As seen in Figures 6, 8 and 9 , microstructure of specimens compressed at 900-950 °C and different strain rates indicated globularization of the α lamellar structure. It is shown that at 900 °C large deformation broke down the α lamellae into segments; then, the small α segments transformed into spherodized αp particles, and the retained thin layers of β separated the αp particles in a microstructure called fully equiaxed. The grain size of the primary α phase was 3.4 μm at a stain rate of 10 −3 s −1 , and it reduced to 2.1 μm, with the strain rate increasing to 10 −2 s −1 (Figures 8 and 9) .
The initial β grains and α colonies were completely lost during the deformation. The 75° texture was generally preserved from the as-received material, suggesting a degree of texture memory. And, the existence of transverse texture indicated the texture randomization resulting from the globularization process. Furthermore, the appearence of additional 50° texture suggested that the strain rate increase led to more randomization. The evolution of pole figure density also confirmed this conclusion.
In Figures 8 and 9 , the LAGBs and HAGBs were represented by solid yellow lines and black lines, respectively. The fraction of HAGBs was high, and nearly all the new equiaxed grains were encircled by high-angle boundaries. On the contrary, low-angle boundaries mostly appeared in the retained lamellar α phase. Several works [8, [17] [18] [19] [20] [21] on Ti-6Al-4V had provided insight into the globularization process of the lamellar α phase during hot deformation. Weiss et al. [21] invoked the intense shear bands inside the α lamellae as the main driving force of the α breakdown, and boundaries were formed by β penetrating the α platelets by diffusion. Additionally, the observations 
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In Figures 8 and 9 , the LAGBs and HAGBs were represented by solid yellow lines and black lines, respectively. The fraction of HAGBs was high, and nearly all the new equiaxed grains were encircled by high-angle boundaries. On the contrary, low-angle boundaries mostly appeared in the retained lamellar α phase. Several works [8, [17] [18] [19] [20] [21] on Ti-6Al-4V had provided insight into the globularization process of the lamellar α phase during hot deformation. Weiss et al. [21] invoked the intense shear bands inside the α lamellae as the main driving force of the α breakdown, and boundaries were formed by β penetrating the α platelets by diffusion. Additionally, the observations agreed with this ( Figure 11 ). Seshacharyulu [8, 22] reported that the shearing of α lamellae was due to imposed shear strain; then, dislocations were generated along the line of shear, and an interface consisting of dislocations with same sign was formed; finally, the process of globularization of α phase was completed by migration of interfaces. Zherebtsov [23] also noted that dislocation walls formed in some of the lamellar α phases after a height strain ε of 0.29 and a microstructure involving a high dislocation density and subgrains were formed after strain ε of 0.69, and a mixed globular/lamellar microstructure was formed when the strain ε increased to 1.2. As given in Figures 10 and 11 , the process of globularization could be considered as a type of CDRX. In this process, the low-angle boundaries formed by dislocations were produced at low strains, and then the LAGBs transformed into HAGBs at large strains to complete the globularization of α phase. Additionally, the fraction of the HAGBs increased from 72% to 74%, with the strain rate increasing from 10 −3 s −1 to 10 −2 s −1 . It was noted that the degree of recrystallization was increased with the strain rate increasing.
When the temperature was up to 950 • C, the increasing temperature enabled the transformation of the β phase into new α lamellae in a matrix of retained β. The microstructure consisted of spherodized primary α particles and new lamellae of secondary α in a matrix of retained β phase, which was called a bimodal microstructure. The volume fraction of primary α phase increased with the strain rate increasing.
Deformation Behavior of the β Phase
DRX is an important microstructural mechanism that can occur during hot working of the Ti-6Al-4V alloy in the β phase field. As seen in Figure 12 , microstructure of the specimen deformed at 1050 • C/10 −3 s −1 in the β phase field revealed that the new prior β grains were formed. Additionally, when deformed in the β phase field, the microstructure was comprised of almost complete martensite due to water quenching. This evidence clearly indicated that β phase underwent DRX.
Flow Instabilities
The microstructural observations in the temperature range 900-950 • C and strain rate range 0.03-0.1 s −1 confirmed the flow instabilities of the coarse lamellar structure. Microstructures of the samples deformed under conditions covered in this regime were given in Figure 7 . From Figure 7 , it could be seen that, in the lower temperature regime, nonuniform deformation led to regions of intense localized shear in which the lamellae broke up. So, the instability mechanism was mainly flow localization, even cracking. The explanation for this was that during deformation, the time was not sufficient for the heat generated during deformation to conduct away, which caused highly localized flow instability [10] . Otherwise, when deformed at 950 • C/10 −1 s −1 , the majority of the α laths became kinked. Generally, kinks were formed inside colonies during deformation at low temperatures (550-700 • C) [24, 25] . However, in severe deformation conditions, the adjacent colonies rotated towards one another, causing localized flow in the boundary between the colonies and therefore loss of the (orientation relationship) OR [26] . In details, α laths broke up with increasing strain, resulting in the formation of rows of shorten α grains/subgrains (Figure 7c ). The instability domain identified above must be taken into consideration to avoid defect during hot deformation of Ti-6Al-4V in the α + β phase field.
Conclusions
The microstructure and microtexture evolution of an ELI grade Ti-6Al-4V alloy with a lamellar initial microstructure was investigated by means of isothermal compression tests over the temperature range 900-1050 • C and low strain rate range 10 −3 -10 −1 s −1 . The following conclusions were obtained from this study.
1.
In the ranges 900-950 • C and 10 −3 -10 −2 s −1 , globularization of the lamellar structure occurred. The process of globularization could be considered as a type of CDRX, and grain boundaries were formed by β penetrating the α platelets by diffusion. After globularization, the initial α {0001} texture softened, and the {0001} texture rotated to the TD direction. The globularization process resulted in texture randomization and the increasing strain rate led to more randomization. 2.
In the ranges 900-950 • C and 10 −2 -10 −1 s −1 , flow instabilities occurred; the instability mechanism was mainly flow localization, even cracking. 3.
In the β range, DRX occurred at a temperature of 1050 • C and a strain rate of 10 −3 s −1 .
